The balance between cholesterol and sphingolipids within the plasma membrane has long been implicated in endocytic membrane trafficking. However, in contrast to cholesterol functions, little is still known about the roles of sphingolipids and their metabolites. Perturbing the cholesterol/sphingomyelin balance was shown to induce narrow tubular plasma membrane invaginations enriched with sphingosine kinase 1 (SphK1), the enzyme that converts the bioactive sphingolipid metabolite sphingosine to sphingosine-1-phosphate, and suggested a role for sphingosine phosphorylation in endocytic membrane trafficking. Here we show that sphingosine and sphingosine-like SphK1 inhibitors induced rapid and massive formation of vesicles in diverse cell types that accumulated as dilated late endosomes. However, much smaller vesicles were formed in SphK1-deficient cells. Moreover, inhibition or deletion of SphK1 prolonged the lifetime of sphingosine-induced vesicles. Perturbing the plasma membrane cholesterol/sphingomyelin balance abrogated vesicle formation. This massive endosomal influx was accompanied by dramatic recruitment of the intracellular SphK1 and Bin/Amphiphysin/Rvs domain-containing proteins endophilin-A2 and endophilin-B1 to enlarged endosomes and formation of highly dynamic filamentous networks containing endophilin-B1 and SphK1. Together, our results highlight the importance of sphingosine and its conversion to sphingosine-1-phosphate by SphK1 in endocytic membrane trafficking.
Internalization of extracellular cargo and plasma membrane proteins by endocytic pathways governs many aspects of cell homeostasis and is inextricably linked with cellular signaling, plasma membrane recycling, pathogen entry, and nutrient uptake (1) . Much has been learned about how the extensive network of transporting vesicles between membranous organelles is orchestrated by the coordination of endocytic factors and their interactions with membrane lipids (2, 3) . Although the balance between cholesterol and sphingolipids within the plasma membrane has long been implicated in endocytic membrane trafficking (4, 5) , in contrast to cholesterol functions, little is still known about the roles of sphingolipids. However, genetic studies in yeast have suggested a functional link between sphingolipid metabolism and the endophilin homologs RVS161 and RVS167, which are Bin/Amphiphysin/Rvs (N-BAR) 3 domain-containing endocytic proteins (6, 7) . Endophilins recruit dynamin and deform membranes and thus have essential roles in membrane curvature sensing and remodeling (8) . Mutation of several genes in sphingolipid biosynthesis can also suppress endocytic defects resulting from deletion of RVS genes (6) , and aberrant regulation of membrane sphingolipids interfered with their functions (7) . A plasma membrane quantitative genetic interaction map further validated the links of eisosomes, protein-based structures that generate invaginations at the plasma membrane, with sphingolipid metabolism and endosomal trafficking (9) .
Sphingosine kinases (SphKs), key enzymes that regulate the levels of the bioactive interconvertible sphingolipid metabolites sphingosine and sphingosine-1-phosphate (S1P), modulate endolysosomal trafficking of the Drosophila G protein-coupled receptor rhodopsin (10) . Further, local conversion of sphingosine to S1P by SphK1 at presynaptic terminals was shown to be involved in synaptic vesicle recycling and neurotransmitter release in Caenorhabditis elegans (11, 12) . Previous studies have also shown that SphK1 is localized to early endosomes in COS7 cells (13) and recruited to nascent phagosomes in human macrophages (14) . Moreover, the localization and activity of SphK1 were coordinately regulated with actin dynamics during macrophage activation (15) .
It has been reported that perturbing the cholesterol/sphingomyelin balance results in massive narrow tubular plasma membrane invaginations enriched with SphK1 through a direct, curvature-sensitive interaction, and it was suggested that accumulation of its substrate, sphingosine, may facilitate SphK1 recruitment (16) . SphK1 was also enriched on endocytic intermediates, and down-regulation of SphKs impaired endocytic recycling, suggesting a role for SphK1 and sphingosine phosphorylation in endocytic membrane trafficking beyond the established functions of S1P as a ligand for S1P receptors (16) . Because tools needed to determine local changes in SphK1 activity and sphingolipid metabolites in endocytic trafficking are lacking, we resorted to perturbing the balance of sphingolipid metabolites and inhibiting SphK1 activity. We found that treating cells with sphingosine or sphingosine-like lipids induces massive endocytosis, leading to formation of dilated intracellular vesicles that have characteristics of late endosomes, and inhibiting SphK1 activity led to their accumulation. This also led to dramatic changes in the subcellular localization of SphK1 and endophilins A2 and B1. Furthermore, we demonstrated that maintaining the cholesterol/sphingomyelin balance is critical for sphingosine-induced endosomes.
Results

Sphingosine and Its Analogs Induce Formation of Dilated Intracellular Vesicles-Previous studies demonstrated that
SphK1 is recruited to tubular endocytic invaginations and suggested that its enzymatic activity is important for endocytic membrane trafficking and recycling (16) . To examine the role of the SphK1 substrate sphingosine and its phosphorylation to S1P, H460 non-small cell lung cancer cells were treated with sphingosine (Fig. 1A) or SK1-I (Fig. 1A) , a sphingosine analog that is an isoenzyme-specific SphK1 inhibitor (17) . Surprisingly, both produced rapid and extensive formation of dilated intracellular vesicles (Fig. 1B) . Another sphingosine analog that inhibits SphKs, N,N-dimethylsphingosine (Fig. 1A) , also induced dilated vesicles in these cells (Fig. 1B) . Based on these results, we considered the possibility that inhibiting SphK1 might be sufficient for the formation of vesicles. However, when H460 cells were treated with the non-sphingosine-like but potent SphK1 inhibitor PF543 (18) (Fig. 1A) , no vesicles were observed, even after extended periods (Fig. 1B ). In contrast, FTY720, an orally available drug for treatment of multiple sclerosis (19) and a sphingosine analog that inhibits SphK1 (20) , also induced dilated intracellular vesicles (Fig. 1B) at doses that trigger the internalization of glucose and amino acid transporters (21) . Thus, these results suggest that the sphingosine backbone, rather than inhibition of SphK1 activity, mediates the formation of dilated intracellular vesicles. Because vesicles were readily visualized in H460 cells, it was of interest to examine this in other cell types. SK1-I treatment also resulted in massive formation of dilated intracellular vesicles in human DLD1 ( Fig.  2A) and HCT116 (Fig. 2B ) colon cancer cells, mouse embryonic fibroblasts (MEFS) (Fig. 2C) , human breast MCF10A epithelial cells (Fig. 2D) , and HEK293 cells (data not shown).
Effect of SphK1 Deletion on Vesicle Size and AccumulationAs SphK1 is recruited to early endosomes and other endosomal compartment structures (16), we sought to determine whether SphK1 influenced the size or cellular lifetime of vesicles. To this end, we used Sphk1-null MEFs and their wild-type counterparts (Fig. 3, A-C) . As expected, no SphK1 activity could be detected in these Sphk1-deficient MEFs (Fig. 3B) , and cellular levels of S1P were decreased, whereas sphingosine and ceramide levels were increased (Fig. 3C) . Treatment with the sphingosinebased SphK1 inhibitors SK1-I or FTY720 rapidly formed significantly smaller vesicles in Sphk1-deficient MEFs compared with wild-type MEFs, even after prolonged incubations (Fig. 3 , D-G), suggesting that vesicle fusion and enlargement depend on the presence of SphK1.
Although vesicles appeared within 30 min after treatment with SK1-I or with sphingosine (Fig. 1B) , major differences were obvious after longer incubations (Fig. 4) . After 3 h, vesicles in cells treated with sphingosine alone had mostly disappeared (Fig. 4A) , whereas many were still present in cells treated with SK1-I alone (Fig. 4A) and persisted for at least 20 h post-treatment (Fig. 4B) . In contrast to SK1-I, exogenous sphingosine can be rapidly metabolized not only to S1P but also to ceramide and, subsequently, to complex sphingolipids. Therefore, we next examined the effects of inhibition of SphK1 on the lifetime of sphingosine-induced vesicles. When cells were pretreated with the SphK1 inhibitor PF543 followed by prolonged incubation with sphingosine, many dilated vesicles were still present but absent in cells not treated with PF543 (Fig. 4, A and B) . Likewise, deletion of SphK1 also significantly prolonged the lifetime of sphingosine-induced vesicles (Fig. 4, C and D) . Taken together, Ϫ/Ϫ MEFs showed no activity in a SphK1 isoform-specific activity assay (76) . n ϭ 3. C, sphingolipids were extracted from wild-type and Sphk1 these results suggest that the sphingosine backbone is sufficient to induce formation of dilated vesicular bodies and that conversion of sphingosine to S1P by SphK1 is important for their clearance.
Vesicles Are Dilated Late Endosomes-Several approaches were used to examine the subcellular origin of these vesicles. First, prior to addition of SK1-I or sphingosine, cells were pretreated with pHrodo-Red Dextran 10K, which has little to no fluorescence unless it is internalized into acidifiable subcellular compartments such as endosomes (22) . Vesicles induced by SK1-I or sphingosine were positive for pHrodo-Red fluorescence (Fig. 5, A and B) and were clearly much larger than those stained in cells treated with vehicle (Fig. 5A ). As dextrans of 10K molecular weight are internalized by clathrin-dependent micropinocytosis and macropinocytosis (22) , these results suggest that vesicles resulting from treatment with sphingosine or SK1-I originate from the plasma membrane.
It has been suggested that sphingosine acts as a lysosmotropic agent that can affect the integrity of the lysosomal membrane and cause permeabilization in a detergent-like fashion (23) . Hence, utilizing acridine orange, a fluorescent weak base that accumulates in acidic organelles, we examined the possibility that SK1-I, which is a sphingosine-like analog, might also have lysosomotropic actions. Chloroquine is a lysosomotropic agent that enters acidic organelles and acts as a strong pH quencher that causes lysosomal swelling (24, 25) . As expected, chloroquine severely abrogated acidic organelle staining with acridine orange (Fig. 5C) . In stark contrast, SK1-I had little to no effect on acridine orange acidic staining compared with vehicle controls (Fig. 5C ), suggesting that it is unlikely that formation of dilated vesicles induced by SK1-I are engorged acidic organelles. Noteworthy, in contrast to sphingosine-based SphK1 inhibitors that induce much smaller vesicles in
Sphk1
Ϫ/Ϫ MEFs (Fig. 3) , the size of the chloroquine-induced vesicles was similar in Sphk1 Ϫ/Ϫ and wild-type MEFs (Fig. 5D ), suggesting that chloroquine induces vesicle accumulation by a process that is independent of SphK1.
Cholesterol is an important molecular component of the plasma membrane and is involved in endosomal trafficking (3, 26 -28) . Hence, vesicle formation with SK1-I was examined after labeling with NBD-cholesterol. Dilated vesicles resulting from SK1-I treatment were clearly positive for NBD-cholesterol ( Fig. 6A ) and were also labeled with NBD-sphingosine ( Fig. 6B) , consistent with the observation that a fluorescent sphingosine analog localized to late endosomal and lysosomal vesicles (29) . To explore this further, SK1-I-induced vesicle formation was examined in cells expressing Rab7a, a Ras-related protein that is characteristic of the late endosome compartment (30) . Dilated vesicles that formed within 30 min after SK1-I treatment were clearly outlined with Rab7a-RFP (Fig. 6 , B and C) and were also co-labeled with NBD-sphingosine (Fig.  6B ). Moreover, consistent with the long lifetime of vesicles produced by SK1-I but not by sphingosine (Fig. 4 ), there were almost no observable Rab7a-RFP-positive dilated vesicles remaining after treatment of cells with sphingosine for 8 h, whereas there were still numerous large Rab7a-positive vesicles present in SK1-I treated cells at this time (Fig. 6D) , suggesting that the enlarged Rab7a-coated vesicles are stalled late endosomes that accumulate when SphK1 is inhibited.
The endocytic and autophagic pathways intersect when late endosomes fuse with autophagosomes to form amphisomes and, subsequently, with lysosomes to form autolysosomes (31) . Because SK1-I-induced vesicles were Rab7a-positive and Rab7a is also present on autophagosomes (32), we used microtubuleassociated protein light chain 3 (LC3), which decorates autophagosomes and autolysosomes (32) , to distinguish between dilated endosomal or autophagic vesicles. As shown in Fig. 6E , early (1 h) dilated vesicles in SK1-I treated cells were not positive for LC3-RFP-GFP, indicating that they are not autophagosomes. We also measured the RFP:GFP fluorescence ratio of LC3-RFP-GFP to monitor whether SK1-I affected autophagic progression from autophagosomes (less acidic) to amphisomes and autolysosomes (more acidic) (33), attenuating GFP but not RFP fluorescence. However, after short treatment with SK1-I for 1 h or less, the RFP:GFP fluorescence ratio of LC3-RFP-GFP was not changed (Fig. 6F) .
SK1-I Induces Clathrin-and Caveolin-dependent EndocytosisClathrin-coated pits and caveolae are two major endocytic structures by which plasma membrane-derived cargo is transported into cells by coordinated formation of plasma membrane invaginations that are primarily mediated by clathrin or caveolin, respectively (2, 3). Therefore, we examined their involvement in the massive endocytic influx that results from SK1-I treatment. In vehicle-treated H460 or HCT116 cells, clathrin staining was strongest at the plasma membrane (Fig. 7 , A and B). However, 30 min after SK1-I treatment, in both cell types there was a dramatic relocalization of clathrin from the plasma membrane into diffuse perinuclear foci (Fig. 7, A and B) . Similarly, SK1-I induced rapid internalization of caveolin-1, the main component of caveolae (Fig. 7, A and B) , and caveolin-1 and clathrin co-localized at ring-like structures that appeared following treatment (Fig. 7B ). Live-cell imaging of these cells expressing fluorescently tagged caveolin-1 corroborated these findings (data not shown). To further assess the involvement of caveolin-1, its levels were down-regulated with a specific siRNA. siCaveolin-1 reduced its protein levels by more than 80%, as determined by immunostaining (Fig. 7, C and D) and immunoblotting ( Fig. 7E ) and significantly reduced vesicle formation in SK1-I treatments, albeit not completely (Fig. 7F) .
Because down-regulation of clathrin resulted in extensive cell death, we resorted to commonly used inhibitors of endocytosis to examine the involvement of clathrin-dependent and -independent endocytic processes required for SK1-I-mediated endosome formation. Chlorpromazine, a clathrin-dependent endocytosis inhibitor (34, 35) , significantly reduced the formation of vesicles induced by SK1-I, whereas nocodazole, a microtubule-disrupting agent, or cytochalasin D1, an inhibitor of actin polymerization, did not have significant effects (Fig. 8, A  and B) . On the other hand, bafilomycin A1, an inhibitor of the vacuolar proton pump V-ATPase that disrupts endocytic flow (36) , completely blocked SK1-I vesicles (Fig. 8, A and B) . Methyl-␤-cyclodextrin (M␤CD) has been used extensively to deplete cells of plasma membrane cholesterol, leading to a block in clathrin-dependent (16, 27, 28) and -independent (37) endocytosis. As expected for a plasma membrane-derived endocytic mechanism, cholesterol stripping with M␤CD significantly abrogated vesicle formation from SK1-I treatment (Fig. 8, A and  B) . A functional link between cholesterol and sphingomyelin, which interact within the plasma membrane (38) , and endocytic membrane traffic has been suggested (16) . Consistent with this notion, sphingomyelinase, which also disrupts lipid rafts by reducing plasma membrane levels of sphingomyelins (39) , blocked SK1-I induced vesicle formation (Fig. 8, A and B) .
Because our results suggest that sphingosine-based SphK1 inhibitors enter the cell via lipid raft-mediated endocytosis, we next utilized cholera toxin ␤ subunit (CTB), which binds on the cell surface to ganglioside GM1, a component of lipid rafts, and can be internalized through several different endocytic mechanisms, including clathrin-dependent as well as caveolae-and clathrin-independent endocytosis (40, 41) . SK1-I significantly increased internalization of CTB in H460 cells (Fig. 8, C and D) , as shown by enhanced intracellular accumulation of fluorescently labeled CTB compared with vehicle-treated controls. In SK1-I treated cells, SK1-I also induced the formation of CTBpositive ring-like structures (Fig. 8C) . In combination, these results suggest that the sphingosine-like analog SK1-I enters the cell by cholesterol-and sphingomyelin-dependent endocytosis and highlights the importance of the plasma membrane sphingomyelin/cholesterol balance.
SK1-I Induces Recruitment of SphK1 and Endophilins A2 and B1 to Endocytic
Intermediates-It was shown previously that perturbing the plasma membrane cholesterol/sphingomyelin balance by cholesterol depletion or treatment with sphingomyelinase results in a delay in the maturation of clathrin-coated pits and rapid formation of clusters of narrow endocytic tubular invaginations containing SphK1 and endophilin-A2 (16) , an N-BAR domain-containing protein known to be involved in clathrin-dependent (8) and -independent endocytosis (37, 41, 42) . In agreement, within minutes of cholesterol stripping with M␤CD, endophilin-A2-GFP relocalized from diffuse puncta into clusters of multiple larger foci (Fig. 9A) . Likewise, SphK1-GFP, which is mainly cytosolic, was also recruited to foci (Fig.   9A ), which were similar in kinetics and appearance to those reported previously (16) , and V5-tagged SphK1 co-localized with endophilin-A2-GFP at these foci (Fig. 9B) . We also evaluated the effect of cholesterol stripping on localization of another member of the endophilin family, endophilin-B1, which regulates membrane dynamics of various intracellular compartments involved in endocytosis (8, 43) . Unexpectedly, endophilin-B1, which to date has not been clearly demonstrated to be associated with plasma membrane structures (8), was similarly enriched at shallow, delayed-stage clathrincoated pits following M␤CD treatment (Fig. 9A) . Moreover, V5-tagged SphK1 also co-localized with endophilin-B1-GFP at the foci induced by cholesterol stripping (Fig. 9C) .
Next, we examined the localization of these proteins following the massive endocytic vesicle formation induced by SK1-I. Unlike acute plasma membrane cholesterol extraction, which resulted in the enrichment of these proteins at shallow plasma membrane endocytic pits (16) (Fig. 9) , SK1-I treatment resulted in the recruitment of SphK1-GFP or endophilin-A2-GFP to dilated vesicles (Fig. 10, A and B, respectively) . These results are consistent with previous reports showing that SphK1 is localized on endosomes (13, 16) . SK1-I also had a remarkable effect on endophilin-B1, which was intensely enriched at extensive filamentous networks (Fig. 10C) that, in some instances, were contiguous with and encircled vesicles (Fig. 10C) . These fila- ments were highly dynamic, having extension and contraction cycles of 2-3 min (Fig. 10D, bottom panels) . Similarly, in some instances, SphK1-GFP assembled as filament-like structures (most likely bundles of tubules) (Fig. 10E) . In control experiments, GFP alone did not reassemble into filaments and was not recruited to dilated vesicles (data not shown).
The effects of SK1-I on endophilin-B1-GFP and endophilin-A2-GFP localization were not due to an artifact of overexpression because the endogenous proteins showed a similar redistribution. In untreated cells, both endophilins had differential distributions and partially co-localized at hot spots that resembled maturing late-stage clathrin-coated pits (Fig. 11A) (16) and had an average diameter of 1.13 m (Fig. 11B) . However, upon treatment with SK1-I or PF543 followed by sphingosine, these hot spots reorganized into ring-like structures (Fig. 11, A and C) . These vesicles containing both endophilin-A2 and endophilin-B1 were significantly larger, with an average diameter of 2.73 m (Fig. 11B) . SK1-I treatment also induced the formation of elongated filamentous structures that traversed the entire cell volume and were positive for both endophilins (Fig. 11, A and D) . In confocal 3D reconstruction images, filament-like structures positive for endophilin-B1 and endophilin-A2 were clearly present throughout cells treated with SK1-I but not in untreated cells (Fig. 11D) .
Discussion
Phosphorylation of sphingosine to S1P by SphK1 has been suggested to be involved in endocytic membrane trafficking independent of the canonical actions of S1P as a ligand for S1PR1-5 (16). Because technology with sufficient resolution to examine dynamic changes in endogenous sphingolipid metabolites in cellular membranes during endocytosis has not yet been developed, in this study, using sphingosine or sphingosine-like SphK1 inhibitors to perturb their cellular balance, we sought to gain further understanding of the role SphK1, sphingosine, and S1P play in the regulation of endosomal processes. We have shown that sphingosine-like molecules that enter the cells via lipid rafts induce a massive influx of plasma membrane-derived intracellular endosomes in various cell types. We also established that the sphingosine backbone and not inhibition of SphK1 activity induces the formation of dilated intracellular vesicles. However, further vesicle enlargement depended on the presence of SphK1, as these vesicles were much smaller in Sphk1-null MEFs. Our observations that SphK1 is recruited to dilated endosomes and that their clearance is defective when SphK1 is deleted or inhibited indicate that these sphingolipid metabolites and SphK1 are important not only for early steps of endocytosis but also for later stages of endosomal maturation and membrane fusion. FTY720 also enters cells by the same endocytic pathway and induces formation of vesicles whose enlargement is also SphK1-dependent. Because FTY720 is a prodrug that must enter cells to be phosphorylated to its active form (19) , understanding its endocytic membrane trafficking may have implications for its clinically relevant actions. While our manuscript was under revision, Wang and co-workers (44) also reported that MEFs treated with SK1-I or sphingosine accumulate enlarged dysfunctional late endosomes. They also showed that SphK1-dependent phosphorylation of sphingosine Sphingosine, SphK1, and Endocytosis FEBRUARY 24, 2017 • VOLUME 292 • NUMBER 8
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promoted endocytic membrane trafficking (44) . In agreement with our findings, it has been shown that decreased conversion of sphingosine to S1P causes disruption of autophagosomelysosome fusion (45) and blockade of lysosome recycling (46) . Furthermore, elevation of intracellular sphingosine from caged sphingosine induced transient calcium release from lysosomal stores that required the two-pore channel 1 (TPC1) residing on endosomes and lysosomes (29) . Deregulation of lysosomal calcium leads to defects in endolysosome fusion (29, 47) . Moreover, down-regulation of SphKs results in endocytic recycling defects (16, 48) , which could explain the accumulation of enlarged stalled endosomes we observed upon inhibition or deletion of SphK1. Although SphK1 knockout mice do not exhibit any known endocytic phenotype, it should be noted that, although SphK1-deficient mice do not have striking abnormalities (49) , SphK1/2 double knockout is embryonic lethal with defective vascularization and highly vacuolated endothelial cells (49) . Therefore, it is possible that SphK2 compensates for loss of SphK1 in specific cell types. In agreement with this notion, De Camilli and co-workers (16) have shown that SphK2 was also present at endophilin foci, consistent with redundant functions of SphK1 and SphK2 in mice (49). Corroborating previous studies showing that SphK1 is targeted to early endocytic intermediates (16) and that it is highly enriched in nerve terminals involved in synaptic vesicle recycling in C. elegans (11, 12) , we observed a massive and rapid recruitment of SphK1 to endosomes. Furthermore, it has been suggested that recruitment of SphK1 to membranes involves a direct, curvature-sensitive interaction with the lipid bilayer, possibly by interaction between a hydrophobic patch on its surface and sphingosine (16) . In agreement with this, dilated endosomes intensely enriched with SphK1 were also labeled with NBD-sphingosine. In contrast to wild-type SphK1, mutations of SphK1 within this hydrophobic patch did not rescue the neurotransmission defects in C. elegans loss-of-function mutants (11, 12) .
What is the physiological role of sphingosine-containing endosomes in endocytosis? In yeast, previous studies convincingly demonstrated that long-chain sphingoid bases regulate endocytosis (50, 51) . The absence of sphingoid bases led to a defect in the internalization step of endocytosis, which was rescued by 50 M exogenous sphingoid bases (52) or by overexpression of the kinase Pkc1 (a homolog of PKC) involved in the internalization step of endocytosis (53) . Intriguingly, longchain sphingoid bases activate Pkh1/2 (homologs of PDK1) (54) , which, in turn, phosphorylate and activate the downstream kinases Ypk1/2 (homologs of SGK1) and Pkc1, a conserved kinase cascade that controls endocytosis by phosphorylating components of the endocytic machinery (55) . Reminiscent of the defect in internalization of ␣-factor pheromone in yeast with reduced sphingoid bases because of mutations in serine palmitoyltransferase (52) , myriocin, an inhibitor of serine palmitoyltransferase, impaired the uptake of transferrin and low-density lipoprotein in mammalian cells (56) . It is tempting to speculate that sphingoid bases play an evolutionary conserved role in the internalization step of endocytosis. Although we used indirect genetic and pharmacological approaches to investigate the role of sphingosine and SphK1 in endocytic trafficking, we anticipate that in the future, technology with sufficient resolution to directly follow dynamic changes in endogenous sphingosine and sphingolipid metabolism during membrane trafficking will be developed.
Under physiological conditions, sphingosine is positively charged and has important biophysical properties that influence the behavior of biological membranes (57) . Depending on the lipid composition, it can aggregate into gel-like domains with sphingomyelin and cholesterol (58, 59) , rigidify membranes (58) , and increase the liquid ordered phase fraction in artificial vesicles (59) . Because sphingosine acts as a modulator of membrane lipid domains, it was suggested that it can regulate biological responses by direct binding to proteins as well as influence their membrane sorting (59) . We speculate that, similar to the effects of lowering plasma membrane cholesterol, changing the levels of sphingosine augments the deformability of the membrane and increases the recruitment of SphK1 and the N-BAR domain-containing proteins endophilin-A2 and endophilin-B1, involved in the sensing and mechanics of membrane curvature (8) . We suggest that, in addition to endophi- lin-A1 and SphK1, sequestration of endophilin-B1 on tubules may also contribute to the accumulation of shallow clathrincoated endocytic pits observed previously after changing plasma membrane levels of cholesterol or sphingomyelin (16) .
In contrast to the well known function of endophilin-A2 in coordinating the constriction of coated pits in clathrin-mediated endocytosis (8, 60 -62) , which has recently been broadened to membrane scission and clathrin-independent endocytosis (37, 41) , the role of endophilin-B1 in endocytic pathways is not well defined (43) . Endophilin-B1 was originally discovered as a Bax-binding protein (63) , involved in apoptosis and mitochondrial morphology or fission (43, 64) . However, subsequent studies found that it binds to Beclin1 through UV radiation resistance-associated gene protein (UVRAG) to promote activation of class III phosphatidylinositol 3-kinase and autophagosome biogenesis and maturation (43, 65) . Nevertheless, our results support an emerging role for endophilin-B1 and SphK1 in intracellular membrane dynamics and endocytosis. Endophilin-B1 interacts directly with and is recruited to the plasma membrane with the exchange factor of the endosomal trafficking regulator Arf6 (66) , is associated with early endosomes, and facilitates the delivery of internalized EGF receptors to late endosomes/lysosomes, which suppresses breast cancer cell migration (67) . Interaction of UVRAG with the core class C vacuolar protein sorting complex, in addition to promoting autophagosome maturation, is also involved in endosome-lysosome transition by activation of Rab7 (68) . It is also possible that binding of endophilin-B1 to UVRAG modulates the interaction with and function of the core class C vacuolar protein sorting complex (69) .
Endocytic processes play critical roles in normal cell physiology, and derailed endocytosis has been associated with many human diseases, including cancer, Alzheimer's disease, and lipid storage diseases, to name a few (70 -72) . Our results further highlight the role of the sphingolipid metabolite sphingosine and SphK1 in the regulation of endocytic membrane trafficking and recruitment of SphK1 and the N-BAR proteins endophilin-A2 and -B1 to endocytic intermediates. Elucidation of the interplay between sphingolipid metabolism and endocytosis will lead to a better understanding of membrane trafficking and dynamics and has the potential to lead to improved therapies for disorders with alterations in the endocytic pathway.
Experimental Procedures
Reagents-SK1-I was from Enzo Life Sciences (catalog no. BML-EI411) and was dissolved in water. D-erythro-sphingosine (Avanti Lipids, catalog no. 860490) and NBD-sphingosine ( Cell Culture and Treatments-H460, H1299, DLD1, HEK293T, and MEFs were purchased from the ATCC.
Sphk1
Ϫ/Ϫ and Sphk1 ϩ/ϩ MEFs were obtained from H. G. Wang (Penn State University). HCT116 cells were obtained from B. Vogelstein (Johns Hopkins University). All cells were cultured in DMEM containing 10% fetal bovine serum without antibiotics, except for MCF10A cells, which were cultured in DMEM/ F12 media containing 5% horse serum, 20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, and 10 g/ml insulin. For live-cell imaging, 50,000 cells/well were seeded in a 24-well glass-bottom dish (Cellvis) and allowed to attach for 48 h. For Western blotting, 350,000 cells/well were seeded in a 6-well dish and allowed to attach for 24 h. For endocytosis inhibitor treatments, cells were incubated for 30 min in media containing 10% serum with either DMSO, chlorpromazine (5 g/ml), acidic sphingomyelinase (1000 units/ml), nocodazole (200 M), cytochalasin D1 (10 g/ml), or bafilomycin A1 (50 nM), followed by addition of SK1-I.
Fluorescent lipids were added to cells on 24-well plates in media containing 10% serum at 37°C and incubated for 20 min, and then either SK1-I or sphingosine was added directly to cells. Cells incubated with NBD-labeled lipids were imaged by confocal microscopy as described below using 459/529-nm excitation/emission.
Plasmids, siRNA, Transfection, and Overexpression-The endophilin-A2-GFP (catalog no. RG201552) and endophilin-B1-GFP (catalog no. RG200106) plasmids were from Origene, and control scrambled siRNA and siRNA targeting caveolin-1 (catalog no. L-003467) were from Thermo Fisher Scientific. Cells were transfected with siRNAs using Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific) following the guidelines of the supplier. The endophilin-A2-GFP, endophilin-B1-GFP, V5-SphK1 (73), and SphK1-GFP (74) plasmids were transfected with Polyjet (SignaGen Laboratories) as follows: 2.5 ϫ 10 6 cells were seeded on 10-cm dishes and allowed to attach for 24 h. Plasmid-transfection reagent mixtures were prepared following the guidelines of the manufacturer and incubated with cells for 4 h, transfection media was replaced with fresh media containing 10% serum, and cells were allowed to rest for 1 h. Cells were then trypsinized and seeded at 50,000 cells/well in 24-well glass-bottom plates and allowed to attach for 48 h. The viral particles used for overexpression of Rab7a-RFP (catalog no. C10589) and LC3-RFP-GFP (catalog no. P36239) were obtained from Life Technologies, and cells were infected with 20 l of viral particles/50,000 cells for 48 h.
Imaging-Phase-contrast images were collected on a Zeiss Axiovert 40 CFl inverted microscope equipped with a ϫ40 phase-contrast objective and an Axiocam MRm camera. All fluorescence confocal microscopy with live or fixed cells on 24-well glass-bottom plates (Cellvis) was performed on a Zeiss Cell Observer spinning disc confocal microscope with a ϫ63 water/oil objective equipped with an Axiocam MRm camera and two Photometrics Evolve 512 cooled emCCD cameras. For live-cell confocal microscopy, the growth chamber was maintained at 37°C with 5% CO 2 saturation.
Acridine Orange Staining-Cells cultured in 24-well glassbottom plates were treated as described in the figure legends and incubated with 250 nM acridine orange (Thermo Fisher Scientific) for 10 min in media containing 10% serum followed by a wash and then imaged by fluorescence microscopy as described above using 488/509-nm excitation/emission for the alkaline indicator (green) and 475/572-nm excitation/emission for the acidic indicator form (red). Confocal fluorescence images were collected as described above using identical settings across all wells.
Cholesterol Stripping-Cholesterol stripping was performed as described previously (16) . For experiments, images of cells in 24-well glass-bottom plates were collected prior to M␤CD treatment. 1 ml of prewarmed (37°C) M␤CD stripping solution containing 10 mM HEPES (pH 7.4), 120 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , and 10 mM M␤CD (Sigma-Aldrich) was added to each well, and the preimaged cells were followed for 7 min.
CTB Internalization-Cells on 24-well glass-bottom plates were pretreated for 5 min with Alexa Fluor 647-CTB (0.05 mg/ml, Life Technologies, catalog no. C34778) in media containing 10% serum. After 5 min, cells were either washed with PBS and then fixed with formalin for 10 min, followed by two PBS washes, or treated without or with SK1-I and then fixed with formalin and washed with PBS. Cell nuclei were labeled with Hoechst for 5 min. Images were collected as described above using identical settings across all wells. Fluorescence intensity was quantified using ImageJ (75) .
Immunofluorescence-Following treatments, cells on 24-well glass-bottom plates were washed twice with PBS, fixed with formalin for 10 min, followed by three PBS washes, and then permeabilized for 2 min (Tris-buffered saline, 0.1% Tween 20) . Fixed cells were then incubated for 30 min with the following primary antibodies from Santa Cruz Biotechnologies diluted in PBS: caveolin-1 (1:250, catalog no. sc-894), clathrin (1:250, catalog no. sc-6579), endophilin A2 (1:150, catalog no. sc-10876), and endophilin B1 (1:150, catalog no. sc-393191). The anti-V5 antibody (1:250, catalog no. 46-0705) was from Life Technologies. Cells were then incubated for 30 min with the appropriate Alexa Fluor (Life Technologies) fluorescently labeled secondary antibodies: anti-goat (catalog no. A11057), anti-rabbit (catalog no. A11008), or anti-mouse (catalog no. A11001), all diluted (1:400) in PBS. Nuclei were labeled with Hoechst for 5 min, and cells were imaged by confocal microscopy as described above.
Western Blotting-Following treatments, cells were harvested by washing twice with ice-cold PBS and then scraped in 200 l of buffer containing 20 mM HEPES (pH 7.4), 250 mM NaCl, 1% Triton X-100, 1 mM DTT, 1 mM EDTA, 20% glycerol, and Halt protease and phosphatase inhibitors (Thermo Fisher Scientific). Cell suspensions were sonicated and centrifuged, and equal amounts of supernatant proteins were separated by SDS-PAGE. Protein concentrations were determined using the Bio-Rad protein assay. Immunoblotting was performed using the SNAP i.d. 2.0 protein detection system (Millipore) with the following antibodies diluted 1:500 in TBS containing 0.1% Tween 20 and 0.05% blotting-grade milk: GAPDH (1:1500, catalog no. 2118, Cell Signaling Technology) and caveolin-1 (1:1000, catalog no. sc-894, Santa Cruz Biotechnology). Immunopositive bands were visualized by enhanced chemiluminescence using secondary antibodies conjugated with horseradish peroxidase and Super-Signal West Pico or Dura chemiluminescent substrates (Pierce).
SphK1 Activity Assay-Assays were performed as described previously (76) . Briefly, Sphk1 ϩ/ϩ and Sphk1 Ϫ/Ϫ MEFs cultured on 10-cm dishes were washed twice with ice-cold PBS, harvested in buffer (400 l/10-cm dish) containing 30 mM Tris (pH 7.4), 150 mM NaCl, 10% glycerol, and 0.2% Triton X-100 and supplemented with Halt protease and phosphatase inhibitors (Thermo Fisher Scientific). Cell suspensions were sonicated and extracts clarified by centrifugation. Assays contained equal amounts of cell extracts and 50 M NBD-sphingosine (Avanti Lipids) and were adjusted to 0.25% Triton X-100. Reactions were initiated with 20ϫ Mg-ATP mixture (20 mM ATP, 200 mM MgCl 2 , 800 mM Tris (pH 7.4) and incubated at 37°C. At each time point, an equal volume of 1 M KPO 4 (pH 8.5) and 5 volumes of 2:1 chloroform:methanol were added, followed by vigorous vortexing and 5-min centrifugation. A portion of the upper aqueous layer was read at 463/536-nm excitation/emission wavelengths on a fluorescence microplate reader.
Statistical Analysis-All experiments were repeated independently a minimum of three times with consistent results, and representative data are shown. Statistical analyses were performed using unpaired two-tailed Student's t test for comparison of two groups and analysis of variance followed by post hoc tests for multiple comparisons (GraphPad Prism). For all analyses, p Յ 0.05 was considered statistically significant.
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